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i"I3P. -mediated transcription but activated 
transcription mediated by the prororypical tran- 
■cription factor target of the MAP kinase cas- 

ide. Elk- 1 [24. 25). These results demonstrate 

sal CBP is a nuclear Ca : ~ CaM kinase IV- 
i emulated coactivator. 

The identification of a nuclear Ca-*.-'CaM 
kinase IV and cAMP-regulated transcription- 
al activation domain in CBP suggests a rwo- 
siep model for CREBCBP-mediated gene 
expression. In this model the CBP recruit- 
:nent signal, which renders the CREB/CBP 
vomple.x transcriptionally competent, has to 

omcide with a CBP activating signal to stim- 
ilate transcription. The mechanism by which 
;uclear Ca** and cAMP regulate CBP activ- 
ity may involve phosphorylation of CBP. 
CBP is a phosphoprotein but we were unable 
to detect a change in the overall phosphoryl- 
ation of CBP upon activation of Ca 3 * signal- 
ing pathways, and mutations of putative CaM 
kinase phosphorylation sites in ( he COOH- 
lerminal activation domain did not affect 
>.'BP-mediaied transcriptional activation 
26). Although CBP activity is differentially 
ontrolled by spatially distinct Ca 2 " signals, 
CREB phosphorylation on Ser 1J3 is a com- 
mon end point for many signaling pathways. 
Thus. CREB functions as a sensor for cell 
activation and may, m the absence of CBP 
activating signals, serve a general supportive 
role in transcriptional responses that are pri- 
marily mediated by other activators such as 
Hlk-1 or the serum response factor [25. 27). 
'he imponance of nuclear Ca-* and cAMP 

i stimulating CBP actmry may explain why 
growth factor receptor tyrosine kinases, 
vhich do not eiicit Ca** transients or cause 
increases in the intracellular concentration of 
cAMP, are poor activators of CRE'CREB- 
dependem transcription t -?^. 21. 28), despite 
their ability to efficiently induce CREB phos- 
phorylation on Ser 133 via ihe MAP kinase path- 
nay [27. 29). Given that many transcriptional 
ictivators can recruit CBP to a promoter, con- 
rol of CBP function by nuclear Ca : " and 
AMP may prove to be of general imponance 
tor signal-regulated Transcription. 
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Identification of c-MVC as a 
Target of the APC Pathway 

Tong-Chuan He, Andrew B. Sparks, Carlo Rago, 
Heiko Hermeking. Leigh Zawel, Luis T. da Costa, Patrice J. Morin, 
Bert Vogelstein. Kenneth W. Kimler* 

The adenomatous polyposis coli gene {APC) is a tumor suppressor gene that is 
inactivated in most colorectal cancers. Mutations of APC cause aberrant ac- 
cumulation of 3-catenin, which then binds T cell factor-4 (Tcf-4). causing 
increased transcriptional activation of unknown genes. Here, the c-MYC on- 
cogene is identified as a target gene in this signaling pathway. Expression of 
c-MVC was shown to be repressed by wild-type APC and activated by 3-catenin. 
and these effects were mediated through Tcf-4 binding sites in the c-MYC 
promoter. These results provide a molecular framework for understanding the 
previously enigmatic overexpression of c-MYC in colorectal cancers. 



Most human colorectal tumors are initiated 
by mactivation of the APC tumor suppres- 
sor gene, located on chromosome ?q2 1 i / ) 
APC is a cytoplasmic protein that con hind 
to and promote the degradation of 



nin K). Amontj P-uJtcmn lunctions is the 
ability to bind members of the Tel tamilv ul 
transcription ("actors and aciivate yene trail - 
scriptjon (j). Accordingly, human colorec- 
tal tumors with APC or |3-caienin mutanons 
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Fig. 1. c-MVC expression after APC induction. 
(A) Total RNA was isolated from the ZnCl 2 - 
treated cells at the indicated times and evalu- 
ated on Northern blots (10 u.g of RNA per lane) 
that were hybridized with a probe for c-MYC or 
a control probe for elongation factor 1a mRNA 
(ff 7). (B) Total cellular proteins from the same 
cells were separated by SDS-polyacrylamide 
get electrophoresis and subjected to immuno- 
blotting with a monoclonal antibody to c-MYC 
(9E10, Santa Cruz Biotechnology). An identical 
blot probed with a monoclonal antibody to p53 
shows that equal amounts of protein were 
loaded in each lane. 



exhibit increased p-catenin/Tcf-mediated 
transcription <•/, 5). However, the down- 
stream targets of this p-catenin Tcf-4-reg- 
ulated transcription are unknown. This 
study was undertaken to define those tar- 
gets and thereby gain clues to the mecha- 
nisms through which APC affects cellular 
growth. 

To evaluate the transcriptional effects of 
APC. we studied a human colorectal cancer 
cell line (HT29-APC) containing a zinc- 
inducible APC gene and a control cell line 
(HT29-p-Gal) containing an analogous in- 
ducible lacZ gene (6). Both endogenous 
APC alleles in HT29 cells contain truncat- 
ing mutations, and restoration of wild-type 
(WT) APC expression results in growth 
inhibition and apoptosis. Upon induction, 
APC protein is synthesized rapidly and 
reaches maximal levels by 9 hours (7). By 
12 hours, a significant fraction of the cells 
display morphological signs of apoptosis. 
Because we were interested in identifying 
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Fig. 2. APC- and 0-catenin— responsive re- 
gions within the c-MYC promoter. (A) Map 
of the c-MYC promoter showing the restric- 
tion sites used for generating nested dele- 
tions (Del constructs) and fragments (Frag 
constructs). The horizontal lines represent 
the sequences in each reporter construct, 
which were placed upstream of a minimal 
promoter and tuciferase cassette. PI and P2 
are start sites of transcription; P2 is the 
major start site. (B and C) SW480 cells 
were cotransfected with the indicated re- 
porter plasmids plus an APC expression 
construct or a control plasmid. The bars 
represent luciferase activity in the cells 
transfected with APC relative to that in 
cells transfected with the control plasmid. 
Luciferase activity (mean ± SD) was mea- 
sured in three separate experiments. The 
constitutive reporter activity (APC off) of 

the deletion constructs (Del-1 to Del-4) _ _ _ _ _ 

varied less than twofold, ranging from 3520 

to 6859 as expressed in arbitrary luciferase light units. The constitutive activity of the Frag-A, -B, 
-C. -D. and -E was 364, 3050, 1063, 1754, and 976, respectively. (D) 293 cells were cotransfected 
with the indicated reporters plus a p-catenin expression construct or a control plasmid. The 
increase in luciferase activity in the P-catenin transfectants relative to the control transfectants is 
plotted on the y axis. Data are presented as the mean z SD determined from three separate 
transfections. 
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changes in gene expression that directly 
relate to restoration of APC function and 
not apoptosis, we analyzed the HT29-APC 
cells 9 hours after APC induction. 

To evaluate changes in gene expression, 
we used serial analysis of gene expression 
(SAGE), a technique that allows the quan- 
titative evaluation of cellular mRNA in an 
unbiased manner (8). In brief, the method is 
based on the use of short sequence tags [15 
base pairs (bp)] generated from defined 
positions within each transcript. Expression 
levels are deduced from the abundance of 
individual tags in a sample. SAGE analysis 
of 51,622 and 55,846 tags from APC-in- 
duced and control cells, respectively, al- 
lowed identification of 14.346 different 
transcripts (9), most of which were ex- 
pressed at similar levels in the APC-in- 
duced and control cells. Of the 30 tags 
showing significant differences in expres- 
sion (10), 14 were overexpressed and 16 
were repressed in APC-induced cells. 
Because biochemical studies have indicated 
that APC represses p-catenin Tcf-4 -medi- 



ated transcription [4. 5), we focused on the 
latter transcripts. One of the three most 
highly repressed transcripts was a tag cor- 
responding to the c-MYC oncogene (eight 
tags in HT29-(3-Gal compared with zero in 
HT29-APC). This repression was con- 
firmed at the mRNA and protein level by 
Northern (RNA) blot (Fig. I A) and immu- 
noblot (Fig. IB) analysis, respectively. Re- 
pression of c-MYC mRNA and protein was 
evident within 6 hours after zinc induction 
and within 3 hours after the first detection 
of APC protein ( Fig. 1 ). 

These results suggested that APC might 
directly modulate c-MYC transcription through 
p-catenin TcM. To assess this possibility, 
we isolated a 2.5-kb genomic fragment en- 
compassing the c-MYC promoter, inserted it 
upstream of a luciferase reporter gene (//). 
and then tested the construct for responsive- 
ness to APC {12). This c-MYC promoter re- 
gion conferred significant transcriptional ac- 
tivity to the basal reporter gene when trans- 
fected into human colorectal cancer cells, and 
this activity was significantly repressed by 
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Fig. 3. Tcf-4 binding elements (TBEs) within 
the c-MVC promoter (A) Map of the c-MYC 
promoter, indicating the 2.5-kb region con- 
taining the APC- and fl-catenin-responsive el- 
ements. The fragment containing the WT se- 
quence of the promoter (TBE1/2) contains TBE 
sites near both ends. This fragment was engi- 
neered to contain mutations in either site 1 
(TBElm/2), 2 (TBE1/2m), or both sites 1 and 2 
(TBE1m/2m), and each fragment was placed 
upstream of a minimal promoter and lucif- 
erase reporter. Reporters containing four cop- 
ies of TBE1 (4XTBE1) or TBE2 (4XTBE2) or a 
mutant TBE2 (4XTBE2m), in the absence of 
any additional genomic sequences, were con- 
structed similarly. (B) SW480 cells were co- 
transfected with the indicated reporter plas- 
mids plus an APC expression construct or a 
control plasmid. Data are presented as in Fig. 
2B. (C) 293 cells were cotransfected with the 
indicated reporters plus a 3-catenin expres- 
sion construct or a control plasmid. The in- 
crease in iuciferase activity in the 3-catenin 
transfectants relative to the control transfec- 
tants is plotted on the y axis. Data are pre- 
sented as the mean ± SD determined from 
three separate transfections. (D) Electro- 

phoretic mobility shift assay. Oligonucleotides containing TBE1 or TBE2 sequences (wt) or 
mutants (mt) with nucleotide substitutions at critical positions were end-labeled with 
[7- 3z P)ATP and incubated with 0.5 u,g of a CST-fusion protein containing the DNA-binding 
domain of Tcf-4. DNA-protein complexes were separated by electrophoresis and detected as 
"shifts" from the position of free probe. Unlabeled oligonucleotides (250 ng) were used as 
competitors (Comp.) in some reactions. 



$ M | 



-Shin 




-Probe 



APC (Fig. 2). Nested deletions of the promot- 
er were used to map Ihe APC-responsive 
region to a fragment containing nucleotides 
int) -1194 to -484 relative to the TATA 
box at the c-MYC major transcription start 
site f Fig. 2, A and B). Testing of restriction 
fragments spanning the promoter revealed 
two responsive regions, one located in frag- 
ment B im -1194 to -741) and the other 
in fragment C (nt -741 to -484) (Fig. 3, A 
and C). 

If the effects of APC on c-MYC tran- 
scription were mediated through inhibition 
t>i 3-catemn Tcf-4 -regulated transcription, 
then the c-MYC promoter should be acti- 
vated by 3-catenin. Previous studies have 
shown that 3-catenin/TcM transcription 
can be activated by exogenous expression 

a mutant 3-catenin gene in the human 



kidney cell line 293. The 3-catemn con- 
struct used for these experiments was mu- 
tated at codon 33, rendering it insensitive to 
down-regulation by the endogenous WT 
APC in 293 cells (5). The c-MYC reporter 
was found to be significantly activated by 
3-catenin in this line. Using the nested 
deletion and restriction fragment constructs 
noted above, we found that the region of 
the c-MYC promoter that conferred 3-cate- 
nin responsiveness was the same region 
(fragments B and C) shown to be APC- 
repressible in colorectal cancer cells (Fig. 
2D>. 

Analysis of the c-MYC promoter se- 
quence revealed one potential Tcf-4 bind- 
ing site ( 13) within fragment B ( TBE 1 ) and 
another within fragment C (TBE2) (Fig. 
3A). To test the functional significance of 
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Fig. 4. Repression of c-MYC expression by a 
dominant-negative Tcf-4. Exponentially 
growing HCT116 and SW480 cells were mock- 
infected (Control) or infected with adenovi- 
rus encoding dominant-negative Tcf4 {DN- 
Tcf4) or p-galactosidase (3-Cal) at a multi- 
plicity of infection of TOO. Total cellular pro- 
teins were isolated 24 hours after infection 
and subjected to imrnunoblotting with a 
monoclonal antibody to c-MYC (C-19, Santa 
Cruz Biotechnology). An identical blot probed 
with a monoclonal antibody to 3-catenin 
(Transduction Laboratories) shows that 
3-catenin is intact and that equal amounts of 
protein were loaded in each lane. The recom- 
binant adenoviruses were constructed by 
means of the AdEasy system (26), the details 
of which are available upon request. 



these sites, we created fragments of the 
c-MYC promoter in which one or both bind- 
ing sites were eliminated by nucleotide 
substitutions ( 14 ). Mutation of either TBE1 
or TBE2 reduced the activity of the c-MYC 
promoter fragment by 50%. Importantly, 
deletion of both sites completely removed 
APC repression and 3-catenin activation 
from the reporter, whereas deletion of ei- 
ther element alone did not abrogate respon- 
siveness (Fig. 3. A to C). 

We also tested the TBE 1 and TBE2 
elements in isolation. Constructs contain- 
ing four tandem copies of either TBE I or 
TBE2 upstream of a minimal promoter ( J5 ) 
conferred 3-catenin responsiveness and 
APC repression to a downstream Iuciferase 
reporter (Fig. 3. A to C). In all cases, the 
responsiveness of the reporter containing 
TBE2 sites was greater than that obtained 
with TBE1 sites. Nucleotide substitutions 
within TBE1 or TBE2 that would be ex- 
pected to abolish Tcf-4 binding abrogated 
responsiveness to APC and 3-catenin I Fig. 
3, A to C). Finally, to confirm the direct 
nature of the responsiveness, we tested the 
ability of Tcf-4 produced in bacteria to bind 
TBE 1 and TBE2 {16). Tcf-4 bound both 
TBE1 and TBE2, as judged by electro- 
phoretic mobility-shift assay, and this bind- 
ing was abrogated by the same nucleotide 
substitutions that eliminated transcriptional 
responses (Fig. 3D). 

On the basis of these data, we propose 
that in normal colorectal epithelial cells. 
WT APC prevents 3-catenin from forming 
a complex with Tcf-4 and activating c- 
MYC. In colorectal tumors with APC mu- 
tations or activating 3-catenin mutations. 
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increased p-catenirv Tcf-4 activity leads to 
ove-cxpression of c-.WC which then pro- 
mo;es neoplastic growth. Consistent with this 
model, expression of a dominant-negative 
Tcf-4 in colorectal cancer cells with mutant 
P-catenin (HCT1I6) or mutant APC 
(SW480) significantly reduced the endoge- 
nous levels of c-MYC (Fig. 4). This mode) is 
also consistent with the powerful oncogenic 
activities of c-MYC (77) and provides an 
explanation for two long-standing quanda- 
ries. First, it has been extensively document- 
ed that c-MYC is overexpressed at the RNA 
and protein levels at both early and late 
stages of colorectal tumongenesis {18). 
However, unlike in some other cancers, 
where the c-MYC gene is rearranged or 
amplified genetic alterations of c- 

MYC are rare in colorectal tumors, and the 
cause of the overexpression has been un- 
known (20). The only clue to this mecha- 
nism has come from chromosome transfer 
experiments, in which it was shown that an 
extra copy of chromosome 5 can repress 
c-MYC transcription and inhibit neoplastic 
growth {21). This repression fits well with 
the molecular data presented here on APC 
which resides on chromosome 5q21. 

The second enigma involves the cyclin- 
dependent kinase inhibitor pl6INK4a. Most 
rumor types exhibit genetic alterations of the 
p!6fNK4a growth-inhibitory pathway through 
direct mutation of p!6INK4a. its neighbor 
pl5fNK4b. or its downstream targets Rb. 
cdk4. or cyclin Dl (22). Colorectal cancers 
are a notable exception, in that few mutations 
of any of the genes in this pathway occur {22. 
23), The activation of c-MYC through APC 
inactivation would explain this, as c-MYC 
expression can bypass pl6!NK4a- and 
pl5INK4b-mediated growth arrest [24). 

Note added in proof. Consistent with a 
critical role for 3-catenin/Tcf4 -stimulated c- 
MYC expression in promoting intestinal cell 
proliferation, recent genetic studies in mice 
indicate that Tcf-4 is required to maintain the 
proliferative compartment in intestinal crypts 
(251 
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